INTRODUCTION

46
The basal ganglia are involved in functionally segregated cortical-subcortical 47 circuits subserving motor, oculomotor, executive, and limbic functions (Alexander et al., 
69
They found that neurons in the putamen had somewhat lower auditory thresholds and 70 shorter latencies than amygdala neurons, and frequency preferences for putamen 71 neurons evenly distributed across the frequency range. Another study in chloralose-72 anesthetized cats reported that putamen neurons were securely driven by sound stimuli 73 with short latency, showed irregular tuning with a preference for low frequencies 74 (Clarey and Irvine, 1986).
75
To adequately reveal the auditory response properties in the basal ganglia, we 76 recorded well-isolated single unit activity in the putamen (PU) and globus pallidus (GP) 77 in response to sound stimuli presented to awake, head-restrained cats. Pure-tone and 78 click-train stimuli were used to characterize the response properties of single neurons. 
MATERIALS AND METHODS
89
All animal work was carried out in strict accordance with the recommendations 
Surgical preparation, electrophysiological recording, and histology
94
Animal preparation and recording procedures were similar to those used in our 95 previous experiments (Qin et al., 2008a (Qin et al., , 2008b (Qin et al., , 2009 Ma et al., 2013) . Under 96 pentobarbital sodium anesthesia，the cat was fixed on a stererotaxic frame (SN-3N 97 Narishige, Tokyo, Japan) through a pair of earbars (EB-1, Narishige, Tokyo, Japan).
98
The cranium was exposed, six small holes were drilled over the posterior parietal bone 99 and fine jeweler's screws were inserted to serve as an anchor for a metal head-post 100 holder that was cemented to the skull with dental acrylic. The location corresponding to 2-5 MΩ at 1 kHz) was slowly advanced into the brain using a remote-controlled 114 micromanipulator (MO-951; Narishige). After reaching the target depth, we began to 115 search the unit responding to the auditory stimuli (see below). The coordinate of each 116 recording site was calibrated to the implanted reference pin and saved to construct a 117 spatial map later (Fig. 4E) . After completed the recording of one track, next hole was 118 opened. We sequentially opened the skull in 0.5-1.0 mm step to sample all the brain 119 areas in a similar density.
120
The electrode output was amplified using a high impedance headstage and a 121 preamplifier (RA16AC and RA16PA; TDT, Alachua, FL, USA). The output of the 122 preamplifier was delivered to a digital signal processing module (RX-7; TDT), and 123 bandpass filtered between 500 and 3,000 Hz. The neural waveforms were digitized and 124 stored on the computer hard disk using OpenEx software of TDT for later analysis.
125
Daily recording sessions lasted 3-5 hours over 2-6 months. During the 126 recording period, the cat's head was immobilized in a custom-built frame through a 127 metal block, and the body was wrapped in a cotton bag. The cats had been pre-trained 128 to become accustomed to this condition. A video camera was placed in front of the cat 129 to monitor its state. No sign of discomfort was observed as the cats passively listened to 130 the auditory stimuli. We continuously monitored the arousal state of the cat by 131 recording the electroencephalography (EEG) and observing eye movements. When 132 slow waves in EEG or rapid eye movements of paradoxical sleep were detected, the cat 133 was alerted by gently tapping the body using a remote-controlled tapping tool, or by 134 briefly opening and closing the door.
135
At the end of the experiment, several recording sites were re-approached and 136 marked by electrolytic lesions (100 µA, 10 sec). The animal was then deeply 137 anesthetized with sodium pentobarbital and perfused with 10% formalin before the 138 brain was removed. The cerebral cortex was cut in coronal sections and stained with 139 neutral red. The location map of recording sites was constructed on the brain slices by 140 calibrating the coordinates of the lesion sites (Fig. 1) .
141
Acoustic stimulation
142
Acoustic stimuli were presented from a speaker (K701; AKG) placed 2 cm 143 from the auricle contralateral to the recording site. The sound-delivering system was 
185
For visualization, the FRF was smoothed by convolving with a Gaussian kernel (σ = 3).
186
The FRFs obtained from each unit at different intensities were plotted together in a 187 color-scale to construct a frequency receptive area (FRA, Fig. 3D ). The spontaneous 188 firing rate for 210 ms before stimulus onset was considered as the background. A firing 189 rate higher than the mean + 2SD of background firing rates for 3 consecutive For natural sound stimuli, we also constructed PSTHs across 10 repetitions of 228 each stimulus (Fig. 8) . A firing rate that was higher than the mean + 2SD of background 229 firing rates for 10 consecutive 1 ms bins was designated an evoked excitatory response,
230
whereas a firing rate less than the mean -2SD was designated as a suppressive response.
231
We defined a neuron as "natural sound responsive" if at least one of the 15 tested 232 stimuli elicited an excitatory or suppressive response that met the above criteria. The 233 peak magnitude and duration of the excitatory/suppressive response were also measured 234 for natural sound stimuli.
235
To illustrate the response patterns of the neuron population, we also plotted the
236
PSTHs of all the recorded neurons together (Figs. 7 and 11). For visualization purposes,
237
the firing rate of each neuron was assessed by the normalized value of the Z-score, which was calculated by subtracting the mean spontaneous rate from the firing rate, and 239 then divided by the SD of firing rate during the spontaneous and evoked periods. 
RESULTS
242
We recorded the single-unit spike activity of 361 units from the PU and GP in 243 four hemispheres of three awake cats while passively listening to the sound stimuli. (BW/CF) was 1.6. The PSTH that counted the firing rate across frequencies that evoked
260
an excitatory response is shown in Fig. 3G . The response latency, at which the firing 261 rate crossed the threshold level, was 22 ms, and the response duration, when the firing 262 rate was above the threshold level, was 70 ms.
263
The second unit showed a response lasting throughout the stimulus and even 264 after the stimulus ended (Fig. 3B ). This unit was recorded in GP. Its responsive 265 frequency range also increased with the increase of intensity (Fig. 3E ). The intensity 266 threshold was 20 dB and CF was 3.5 kHz. The BW at 30 dB was 23.3 kHz, and Q 10 267 was 6.7. The response latency was 26 ms and the response duration was 185 ms, which 268 was longer than the duration of tone stimuli (160 ms).
269
In GP, we also observed that the spontaneous rate of some units was suppressed 270 by pure-tone stimuli. Figure 3C presents a representative example. This unit showed an 271 excitatory FRA on the high frequency side (red in Fig. 3F ) and a suppressive FRA on 272 the low frequency side (blue in Fig 3F) . For the excitatory response, the threshold was 273 10 dB and CF was 5.2 kHz. The BW at 20 dB was 7.9 kHz, and Q 10 was 1. (Fig. 4) . Before the average, the firing rate of each unit was transferred to 283 the normalized value of the Z-score, which was calculated by subtracting the mean of GP showed a similar shape to that of PU, except that the response magnitude was 291 overall lower than that of PU and the intensity threshold increased to 20 dB (Fig. 4B) .
292
This may have been because the magnitude of the excitatory response in GP units was 293 weaker and some units showed a suppressive response.
294
The distribution of CF across the recorded PU and GP units is presented in Fig. 
295
4C and 4D, respectively. Both of the CF distributions were biased to the low frequency 296 side and there was no statistically significant difference between them (p = 0.69, t-test). 
303
We further examined the temporal pattern of neural response by using three respectively). This result reflected that PU neurons responded to pure-tone stimuli more 314 transiently than GP neurons.
315
We also counted the percentage of units that showed a significant suppressive 316 response (firing rate less than the mean -2SD of spontaneous rate). There were 2
317
(1.5%) PU units and 15 (13%) GP units met our criterion for a suppressive response to 318 pure-tone stimuli (white bar in Fig. 5 28.2 ± 1.5 ms, p <0.01, t-test, Fig. 6C ). 4) The mean response duration of PU units was
335
shorter than that of GP units (65.5 ± 2.5 vs. 78.2 ± 4.3 ms, p <0.01, t-test, Fig. 6D ).
336
There was no significant difference in the mean BW (9.1 ± 1.0 vs. 8.6 ± 1.5 kHz, p = 337 0.71, t-test, Fig. 6E ), and Q 10 (4.6 ± 1.7 vs. 3.7 ± 1.8, p = 0.65, t-test, Fig. 6F ). Taken   338 together, these results suggest that PU and GP might respond differently to pure tone 339 stimuli.
340
We also compared the parameters of the excitatory and suppressive responses 341 in GP units. 
369
Examples of neural response to natural sounds 370 We then examined the neural responses to natural sounds. Figures 8-10 371 present the neural responses to natural sounds from the 3 example units in Fig. 3 . The (Fig. 12C) . These results again suggest that PU was more strongly and 408 transiently activated by sound stimuli, while the response of GP lasted longer.
409
Next, we tested whether the neural responses to different natural sounds were 410 dependent upon the relationship between stimulus spectrum and neuron's FRA. For this,
411
we selected two natural sounds with distinct spectrograms: CM1 and OS4. The major 412 power of CM1 distributed below 2.5 kHz, while that of OS centered at 5 kHz (Fig. 2) .
413
We plotted the mean FRA averaged across the top 20 units in the rank of response 414 magnitude evoked by CM1 and OS4, respectively. The FRA of PU units, which well 415 responded to CM1, preferred to low frequencies, while that of PU units, which 416 responded to OS4, was more sensitive to high frequencies (Fig. 13A, B) . GP units
417
showed a similar result ( Fig. 13C and 13D) . Thus, the responsiveness of PU and GP and GP units, respectively. In PU (Fig. 14A) , the majority of units had poor selectivity 427 for natural sounds. The selectivity increased a little in GP (Fig. 14B) , where more units 428 responded to a small number of sounds in our stimulus set. However, there was no 429 significant difference between the selectivity indexes of PU and GP (p = 0.77, Mann-
430
Whitney U-test). Because the dominant neural responses occurred at the sound onset,
431
we also calculated the selectivity just using the data during the time window of 0 -50 432 ms post stimulus onset. The results were similar to those above ( Fig. 14C and D) . showed lower thresholds and V-shaped FRA from which CF could be clearly defined 485 (Fig. 4A) . These frequency tuning properties were also commonly found in the primary 
492
In this study, the CFs more frequently distributed on the low frequency side 493 among the recorded PU and GP neurons. This was consistent with the previous study 494 on anesthetized cats, which reported a preference for low frequencies in PU neurons
495
(Clarey and Irvine, 1986), although one study on anesthetized rats also reported that 496 frequency preferences for PU neurons were evenly distributed across the frequency 497 range (Bordi and LeDoux, 1992). We did not find a clear tonotopic organization in PU
498
and GP (Fig. 4E) . It should be noted that our recording experiments were conducted 499 over a period of months for a given animal and the electrolytic lesions were made near 500 the end of recording. Therefore, the estimate of the location in the awake population is estimation, we did not subdivide our data on GP. Future studies will further refine these 548 nuclear specializations.
549
Processing of natural sounds
550
Most PU and GP neurons responded well to the natural sounds in our stimulus 551 set (Fig. 11) , with substantial overlap between the spectrogram of natural sounds that 552 best activate a given neuron and that neuron's FRA (Fig. 13) . The neurons generally
553
showed low selectivity for individual natural sounds (Fig. 14) . 
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